The large deformation problem of the wing with high aspect ratio cannot be avoided due to the large bending moment and poor torsional stiffness. The wing design follows the following procedure; firstly, the design indexes of high aspect ratio wing are preliminarily formulated referring to some parameters of the Predator UAV. Then, the aerodynamic analysis of the wing is performed, and the stress cloud diagram is obtained. Next, the finite element model of the wing is designed, and the static analysis is conducted in the ANSYS ACP module, and the unreasonable component size is changed. An appropriate thickness which is 12 mm is selected as the final thickness of the wing. Then, the analysis of laying methods of skin structure is conducted. Finally, the composite structure is proved to reduce the maximum deformation and maximum stress effectively compared with the metal wing.
Introduction
During the flight of an aircraft, the wing is crucial to the generation of the lift force [1] . The wing will be overdeformed or even destroyed once the stiffness of the wing is insufficient during the flight. The unstable elastic effect is very dangerous at the same time [2] ; the shear force and bending moment caused by the aerodynamic force will increase from the tip to the root with the increase of the length of wings. As a result, the tip of the wing will have a larger warpage deformation, and the wing will be fatigued and broken easier.
As for the wing, the strength of the wing cannot be increased without limit. Excessive strength will also lead to excessive conservative margin, which will not only increase the weight of the structure but also decrease the performance of the aircraft. Therefore, a large number of composite materials are used in the high aspect ratio wing in this paper. The wing of UAV is a typical wing with large aspect ratio. Due to its long wingspan, the structural design problems of the wing are more significant. The application of lightweight and highstrength composite materials can not only reduce the weight of the structure but also make use of the elasticity of composite materials to realize the complex bending and torsion deformation of the wing, so as to meet the requirements of composite stiffness and strength of the structure [3] .
Scholars at home and abroad have been paying attention to its parametric design, new configuration, and optimization [1] . Shi et al. [4] used numerical simulation analysis method to study the geometric nonlinear deformation of UAV with large aspect ratio and solved the problem of model establishment and structural response of flexible wing. Based on CFD/CSD coupling method and Kriging approximation technology, Lu et al. [5] established a static aerostatic optimization interpolation model for the wing and applied the hybrid optimization algorithm to the aerostatic optimization design of the wing. Shokrieh and Behrooz [6] used finite element analysis software to calculate the torsional stiffness of the composite wing and the mass distribution along the wing, calculated the natural frequencies of the bending and torsional vibrations of the wing and the rotational natural frequency of the aileron, and finally drew the conclusion that there was no flutter within the design speed range of the wing. Takeda et al. [7] used FBG sensors to test the durability of composite wing structures, including service life and cyclic fatigue test. The results demonstrate that FBG sensors can be used to monitor the structural safety of large composite wing structures. Lu et al. [5] carried out the finite element analysis of a composite wing, and this proves that the finite element approach is effective in the analysis and investigation of the wing structure. The performance of the composite structure is superior to that of the metal structure and alloy steel structure in weight reduction and other performances. Taig [8] stated that the most basic choice in the wing design is material selection and structural form selection, and he introduced the principles used to achieve design objectives, design requirements, and design constraints in detail. Kim et al. [9] used the multilevel optimization method to develop the optimization framework of the composite wing structure, and certain constraints were set to enhance the aeroelastic stability of the aircraft by seeking the best structural characteristics such as mass and torsional stiffness. Patil et al. [10] analyzed the aeroelastic instability problem of the aircraft reliably and modeled the important structural features of the wing. Finally, they concluded the effects of structural characteristics and aerodynamics on the structural flutter velocity and oscillation amplitude.
Njuguna [11] carried out the flutter study of composite structure and briefly introduced the influence of fiber layup direction on flutter. Omprakash et al. [12] carried out the multivariable optimization design of the wing, and the thickness and angle of the layer were both analyzed. The obtained results show that the structural stability, continuity, and weight reduction performance of the optimal design of the wing by means of the genetic algorithm are better than those using traditional methods. In the aspect of laying design, Feng et al. [13] used the ANSYS finite element analysis software to optimize the layer of the wing under the premise that the parameters of the configuration are known, and finally, they got the optimal layering scheme. Liu et al. [14] used the finite element simulation approach to formulate the laying schemes for several different wing layout forms, validate the wing deployment test, and establish a set of research schemes which can effectively improve the ratio of wing load to structure weight.
Aerodynamic Analysis and Structural
Design of the Wing
The design parameters of the wing are preliminarily formulated referring to some dimensions and flight parameters of the Predator UAV, as shown in Table 1 .
2.1. Aerodynamic Analysis of NACA 2412. NACA 2412 airfoil is chosen as the design airfoil in this paper. The geometric model of NACA 2412 drawn in CATIA is imported into ICEM CFD [15] . The generated meshes that meet the quality requirements are shown in Figure 1 . Then the aerodynamic analysis of NACA 2412 is simulated in FLUENT. The pressure cloud diagram of the airfoil surface is obtained as shown in Figure 2 .
For the postprocessing of the calculation of the external flow field of the wing in the current study, the most notable thing is the lift and drag characteristics of the wing. It can be seen from Figure 2 that an obvious wingspan flow occurs around the wingtip because of the long wingspan of the wing, which is a three-dimensional turbulent flow. This is because there is no separation effect at the end of the wing, and the high-pressure airflow on the low surface of the wing will go around the wingtip and roll up to the upper surface. The longer the wingspan is, the more obvious the wingtip flow around the wingtip will become.
Structural Design of the Wing.
A widely accepted design scheme of composite structures in the field of aeronautics is the "Building Block" [16] ; in this paper, the wing designed in this paper is simplified into a structure with only beams, ribs, and skins. It adopts a double-beam structure with good bending and torsion rigidity to obtain a structural layout with high bearing efficiency [17] . The size of the beam will not be particularly large since the skin of the wing can provide part of the flexural stiffness, and the desired results can be obtained by increasing the thickness of the skin. The spar is essentially a shear beam as the main bearing member, and the I-beam is used and arranged according to the equal percentage line. The initial size of the fore beam and the rear beam is shown in Figures 3(a) and 3(b) .
The ribs are simplified to a structure with only webs so as to facilitate the analysis of the model in this paper. In this paper. 14 wing ribs are designed for the wing, of which the root is a reinforced wing rib with the thickness of 9 mm and the others are ordinary wing ribs with a thickness of 6 mm. In addition, weight-reducing holes are arranged on the wing ribs to reduce the weight of the structure. It is known from engineering experience that the most suitable distance between the two nearest ribs is 500 mm to 600 mm [18] , and the distance is chosen as 560 mm.
Preliminary Static Analysis of the Composite Wing
The ANSYS Composite Pre/Post (ANSYS ACP) composite material special module is the pre-and postprocessing 2 International Journal of Aerospace Engineering module of the composite material analysis scheme [18] . All composite material definitions are created and mapped to the finite element grid in the preprocessing module. In the postprocessing module, the resolving result file is imported into the process to evaluate and visualize the composite structure. The finite element analysis of the wing is carried out in the Workbench collaborative simulation environment developed by ANSYS. For the composite wing in this paper, the skin and wing ribs are made of composite materials, while the aluminum alloy material is used for beam structure to overcome the shortcomings of poor shear resistance of the composite material. The material parameters are shown in Table 2 and Table 3 .
In this paper, the X-Y direction of the reference coordinate system coincides with the main direction of the material.
In Table 2 and Table 3 , part of the performance properties of materials is defined as follows:
(i) σ b -tensile ultimate strength, it refers to the maximum stress that the material can bear before breaking 
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When laminating the composite structures, the 0°fiber direction (or reference direction) of the material is defined by the tool coordinate system Rosettes in the ANSYS ACP module, and the X axis of the tool coordinate system is the 0°direction of the fiber. According to the empirical formula, as for the skin, when the ratio of three ply angles (±45, 0, and 90) is 60 : 30 : 10, the structure performance of the wing is the best. In the initial finite element static analysis, as for the skin, the stacking sequence is [45/90/0/90/-45] s , and subscript "s" denotes symmetrical layers. For the wing ribs, which are mainly subjected to shear stress [8] , the stacking sequence is [±45] 5s . The thickness and layer parameters of the ribs are formulated as Table 4 .
The finite static element analysis is carried out following the flow in Figure 4 ; by checking the mesh quality, it is found that the Element Quality of the finite mesh is mostly greater than 0.5, and the Skewness is mostly less than 0.6; meanwhile, the Jacobian Ratio is less than 10, so it can be considered that the grid is efficient.
According to the actual situation, a fixed support is imposed on the wing root as the boundary condition of the wing, as shown in Figure 5 .
Analysis and Selection of Skin Thickness
After determining the laying methods of skin and wing ribs, the discussion of the skins with different thicknesses is carried out in the ACP. The internal finite element mesh of the wing in Workbench is shown in Figure 6 ; according to the statistics of mesh, the number of nodes is 35924, and the number of elements is 24142. In this paper, the pressure on each layer of the wing is different. When performing the analysis, the stress value of fibers in each layer needs to be taken into consideration after lamination. Since composite materials are anisotropic materials and the first failure point may be in the inner layer, so it should be guaranteed that the layer with the largest stress value is not invalid.
According to the existing simulation research [19] , six different thickness skins are selected for analysis in order to select the optimum thickness of the skin. The obtained results are organized into Table 5 .
In this paper, the Inverse Reserve Factor is the inverse of the Reverse Factor, and the failure load is equal to the load applied on the structure divided by IRF; when IRF is larger than 1, it is concluded that the structure is broken [20] .
It can be seen that when the thickness of the skin is 4 mm, 6 mm, and 8 mm, respectively, the Inverse Reserve Factor of the wing becomes larger and larger from the wingtip to the wing root. At the junction of the wing root and the flange of the front beam, the stress and the failure coefficients are the greatest, and the maximum deformation occurs at wingtip, which are in line with the actual situation. The reason is that the aerodynamic force of the wing near the leading edge is the largest, and the front beam of the wing bears the most of bending moments. Only by increasing the thickness of the skin, the improvement of the strength of the wing will not be more obvious.
One possible way of handling this problem is to change the size of beams and ribs, so the size of the front beam should be increased from 10 mm to 12 mm, and the thickness of the upper and lower flanges should be further increased from 8 mm to 10 mm. After changing the size of the beam, the thickness of the skin should be increased until the thickness of the front beam that meets the strength requirements is found. When the thickness of the skin is 10 mm, it can be seen that after changing the size of the beam, the maximum deformation of the wing is reduced, and the strength is greatly improved. However, the Inverse Reserve Factor of the upper airfoil is still greater than 1. Therefore, the thickness of the skin should be further increased to 12 mm and 14 mm, respectively.
It can be seen intuitively from Table 5 that when the thickness of the skin is 12 mm, the strength of the wing structure is consistent with the design requirements. The Inverse 
The workflow of the static analysis. Reserve Factor of the upper and lower airfoil layers is much smaller than 1. And the thickness of the skin has little impact on the deformation and stiffness of the wing even though it is further increased, and it will increase the weight of the structure instead. Therefore, considering the structural stiffness performance and weight reduction requirements, the thickness of the wing skin designed in this paper is 12 mm. When the thickness of the skin is 12 mm, the deformation and stress cloud diagrams are obtained as According to the above-mentioned proposed size parameters, the internal skeleton model of the wing is shown in Figure 10 .
Change the Laying Methods

Change the Layer Sequence.
The laying methods have great influence on the properties of the structure. In this section, keep the angle of the skin layer unchanged, change the laying sequence, and make the ±45°, 90°, and 0°layers as the outermost layer, respectively. The finite element static analysis is performed to compare and analyze the maximum deformation of the wingtip and the maximum stress and failure performance of the layer under different conditions. Each layup sequence has 10 layup groups; each group has 10 single layers and the thickness of each layer is 0.12 mm. The static analysis of six different layup sequences is performed as below.
When the layer sequence is [45/0/90/0/-45] s , the deformation and stress cloud diagrams are obtained as It can be obtained that when the layer sequence is [45/0/90/0/-45] s , the maximum deformation of the wing is 427.95 mm, the maximum stress of the upper wing is 366.63 MPa, and the maximum stress of the lower wing is 367.58 MPa. Table 6 .
By comparing the results in Table 6 , the following conclusions can be drawn:
(1) The structural stiffness of the wing can be improved by changing the laying sequence of the skin, and the influence of the laying sequence on the deformation of the wing is within several centimeters (2) The deformation of the wingtip is the smallest, and the stress is the smallest when the ±45 ply is located at the outermost part of the ply. The deformation of the wingtip is the largest when the 0 ply is located at the outermost part of the ply, and the failure coefficient is also the largest. When the outermost layer is 90 degrees, the performance is in the middle (3) In order to improve the stiffness of the structure and reduce the deformation and the failure coefficient, the ±45 and 90 layers should be laid on the outermost layer, and the 0 layers should be laid on the interior of the layers as far as possible It can be obtained that the maximum deformation of the wing is 456.47 mm, the maximum stress of the upper wing is 420.91 MPa, and the maximum stress of the lower wing is 420.5 MPa.
When the layer angle is 45 and 90, the deformation and stress cloud diagrams are obtained as Figures 35-37 .
It can be obtained that the maximum deformation of the wing is 485 mm, the maximum stress of the upper wing is 434.27 MPa, and the maximum stress of the lower wing is 432.86 MPa.
When the layer angle is ±45 and 90, the deformation and stress cloud diagrams are obtained as Figures 38-40 .
It can be obtained that the maximum deformation of the wing is 470.46 mm, the maximum stress of the upper wing is 420.91 MPa, and the maximum stress of the lower wing is 416.36 MPa.
The obtained results are organized into Table 7 .
By comparing the results in Table 7 , the following conclusions can be drawn:
(1) Comparing the results of the first three groups with the last group, the second group with the fifth group, it can be seen that the structural deformation and failure coefficients with two angles are smaller than those with a single angle and larger than those with four angles at the same time. It means that the strength of the layer with standard angle mixed is higher than that with a single layer. When laminating composite structures, we should adopt the mixed layers as far as possible (2) By comparing the results of the second group with the third group, it can be seen that the bending strength of 0 and 90 orthogonal ply is greater than that of 0 and 45 oblique ply (3) By comparing the results of the third group with the fourth group, it can be concluded that the bending deformation of the structure with 45 only is greater than the structure with ±45. It shows that the principle of equilibrium symmetry should be adopted in the process of laying and the ±45 layer should be adopted at the same time It can be obtained that the maximum deformation of the wing is 523.99 mm, the maximum stress of the upper wing is 434.1 MPa, and the maximum stress of the lower wing is 423.11 MPa. It can be obtained that the maximum deformation of the wing is 498.69 mm, the maximum stress of the upper wing is 414.68 MPa, and the maximum stress of the lower wing is 418.84 MPa.
When the layer ratio is 30%/60%/10%, the deformation and stress cloud diagrams are obtained as Figures 47-49 .
It can be obtained that the maximum deformation of the wing is 456.47 mm, the maximum stress of the upper wing is 405.12 MPa, and the maximum stress of the lower wing is 409.44 MPa. 
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It can be obtained that the maximum deformation of the wing is 480.24 mm, the maximum stress of the upper wing is 410.35 MPa, and the maximum stress of the lower wing is 404.44 MPa.
When the layer ratio is 80%/10%/10%, the deformation and stress cloud diagrams are obtained as Figures 56-58 .
It can be obtained that the maximum deformation of the wing is 513.53 mm, the maximum stress of the upper wing is 412.4 MPa, and the maximum stress of the lower wing is 421.88 MPa.
The obtained results are organized into Table 8 .
By comparing the results in Table 8 , the following conclusions can be drawn:
(1) The deformation of the wing decreases with the increase of the ratio of ±45 angle ply, but it is not the more the better. When the ratio exceeds a certain value, the structural strength will decrease gradually (2) For the skin, when the ratio of the three angles is 60%/30%/10%, the performance of the structure is the best. The maximum upward displacement of the wingtip is 0.38039 m, the maximum stress of the upper skin layer is 344.35 MPa, and the maximum stress of the lower skin layer is 342.01 MPa 
Comparison of the Wing Structure of Different Material Types
The aluminum alloy is the most commonly used material for wing manufacturing before the use of composite materials.
Later, composite materials have become popular aviation materials. In order to prove that composite materials have better performance than aluminum alloy materials, the fullcomposite wing and full-metal wing are compared with the semicomposite wing in this paper. Figure 40: Stress cloud diagram of the lower wing with the layer angle being ±45 and 90. The obtained results of these materials are organized into Table 9 .
It can be seen from the data in Table 9 that the mechanical properties of the composite structure are obviously superior to those of the metal structure. Under the same load, the maximum deformation difference of the 
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International Journal of Aerospace Engineering wingtip can reach 44.83% and the mass difference can reach 42.45%, which proves that the use of composite material can effectively reduce the deformation of the wing, and the weight of the composite wing is significantly lower with respect to the weight of the metallic wing. So it is concluded that the advantage of composite material is incomparable.
Conclusions
This paper is aimed at designing a large aspect ratio composite wing and confirming the advantages of the composite wing. At first, the aerodynamic analysis of the wing is conducted, and the design indexes of high aspect ratio wing are preliminarily formulated. Then, the structural finite element 25 International Journal of Aerospace Engineering static analysis is carried out in the ACP module of ANSYS Workbench by using the aerodynamic load obtained. Next, the performance of the wing structure is analyzed and compared by changing different layering methods, and the performance of the structure under different materials is analyzed and compared as well. The whole design flow is summarized and the conclusions are summarized as follows:
(1) The structural properties of different thicknesses of the skin are compared, and the stiffness, strength, and weight reduction effects are considered comprehensively. Finally, 12 mm is chosen as a proper thickness of the skin (2) Different laying methods have different impact on the performance of the skin, and the laying sequence, the laying angle, and the laying ratio are selected as variables in this paper, and it is concluded that the best laying methods of skin structure are the following three cases: (ii) The strength of the layer with three standard angles mixed is higher than that with a single layer (iii) When the ratio of three angles is 60%/30%/10%, the performance of the structure is the best (3) The mechanical properties of the composite structure are obviously superior to those of the metallic structure. Under the same load, the composite structure can reduce the maximum deformation and the structural mass effectively
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